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PRELIJIRWiRY INVESTIGATION OF A NEW TYPE OF SLJPERSONIC

SUMMARY

.4 supersonic inkt with supersonic
<idir.dy ou&ide o-ftiie inlet i~ considered

By ANTONIO FEBEI and Lores M. N-ITCH

deceleration of the $OW
A particular arrange-

ment with ji.wd geometry baring a centr=albody with. a circular
annular intake is analyzed, and it i~ shown theoretically [hat
this arrangement g[ce~ high presswre recorery for a large range
of .Jla.ch num.bm and mass jhw and therefore is practical for
use on ~u~rsonic airplanes and missiles. For some Mach
numbers the drag coe~cient for [his lype of inlet is iizrger than
the drag coejl%ient-for the ~ype of inlet with. supersonic com-
pression entirely inside, but the pressure recocq i~ larger fm-
cdljiigh[ conditions. The di~erences in drag can be eliminated
for the design Uach numb~r.

Erpwimental results confirm the results ~f the theoretical
analysis and show that presswre recoveries of 95 p<rcent for
Mach numbers of 138 and 1.52, 92 percent for a .JIach numbw
of1.72,and 86 percent for a Nach number of 2.10 are possible
with the conjigwrc[ions considered. If the mas~$ow d.screases,
the total drag coq$7Ltientincreases gradually and the pressure
rccvcery does not change appreciably. T’he results of th is tcork
imre jirs.t presented in a class~~ed document issued in 1946.

INTRODUCTION

?W deceleration of air from supersonic to subsonic Mach.
numbers is an important problem that is encountered in the
design of supersonic ram jets and turbojets- The possibility
of the practical use of the ram-jet or turbojet systems for
airplanes depends to a Iarge extent. on the high pressure
recovery of the air idet.

An irdet designed so that all the supersonic part of the
compression was internal was analyzed in reference 1, -which
showed that high pressure reco~ery is possibIe if the Mach
number corresponds to the desi=m lkch number and the
mass flow corresponds to the desi=m mass flow. Reference I
also showed that the pressure reco-reg- decreases notabIy
and abruptly if the Mach number and the mass flow which
must go into the Met deorease from ‘&e values fixed for
the desiegn conditions. The external drag which can be
very small for the design conditions (~. 1 (a)) changes
suddenly, also, and becomes -rery Iarge when the Mach
number or the mass flow decreases from the values fixed for
the design conditions because in this case a stio~~ shock
occurs in front of the inlet, (fig. 1 (%)). The pressure reco-re~
also decreases rapidly if the Mach number is incremed in
comparison with the design 31ach number.

The !imikation of the starting corrditions fixes the maxim-
um possible contraction ratio of the diffuser that permits
the normaI shock to enter. A strong shock inetit abIy ocal.r~
inside the diffuser in the divergent part and Iimik the maxi-
mum obtainable pressure recowry. The subsonic Iosses
are also large because tie strong shock tends to produce
separa t ion.
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When the free-stream hfach number is lower than the
design hIach number and the free-stream Mach number is
attaintd by decreasing speed from a Mach number higher
than the design lkch number, two cquilibriurn conditions
are possibIc and it is possible to pass from one condition to
the other with a.n abrupt “jump” of flow characteristics.
The reason for this jump, ]vhich can be dangerous for a
supersonic airplane, is as follows: If the Mach numb~’r is
higher than the design Xlach number and the strong shock
is inside the inlet, when the free-stream kkch number
dw?wses, the ]imitat,ion of the starting conditions no longer
exists bemuse the st,roug shock has passed the minimum
section and therefore the contraction ratio can be smaller
than the fixed wdue for starting; the converging part. of the
cliffuser remains supersonic e~-en though the 31ach number
is lower than tht> design Mach number. This condition is
only partly stable, however, and it is possible to pass abruptly
from this condition to the stable condition having a normal
shock in front. Mien the. internal shock is near the mini-
mum section} if the bark pressure is increased slightly, the
internal shocIi jumps outside the inlet and remains in this

‘ positiion because the size of the throat is too small to permit,
the shock to go inside again. The passage. from one equilib-
rium condition to the otk produces abrupt changes in
thu values of mass flow, drfig, and pressure recowry, wiria-
tiolls which increase if the difference betlveen the flight hfach
number and thv shwting hlarh number increases.

These phenomena are characteristic of the diffuser having
fixed geometry and intwntil supersonic compression. It is
therefore natural to think that better results can be obtaiued
with either variable-geometry diffusers or diffusers with
externaI supersonic compression. Some work in this direc-
tion was started at Gottingen and was presented by
Oswatitsch and Bohm (references 2 and 3). Before the
Oswatitsch work was known in the United States, independ-
ent \vorlc in this field was begun by the &Tational .Advisory
Committee for Aeronautics using different. criteria. Some
results of this work are summarized in the present report,
which was originally issued as a classified document, in 1946.

The. problem that Oswatitsch htid in mind was the design
of an air irdet for missiles that, must operate only at high
Mach numbers and t.l]erefore must have h;gll pressure.
recovery and low drag in this Mach number range. He
therefore chose a compromise between external and internal
compression for his inlet. In his design the disadvantages
of the type of inlet with all internaI compression were re-
duced but not, eliminated. For his problem, however, these
disadvantages did not produce any inconveniences. In the
NAC.4 work, the problem was the design of an inlet for a
supersonic airplane, which requires a Iarge opera~ing range
of Mach number and continuity of flow phenomena. The
r~nge of Mach number was lower than the range. considered
by Oswatitsch. An inlet which had all external supersonic
compression for the condition of optimum pressure recol-ery
was therefore chosen.

As will be shown in the analysis of this typo of inlet,, tk use
of al] external supersonic compression gives the following

advantages and disadvantages in cornpmison with the pr(’-
ceding types of inlet:

(a) The inlet with constant geometry can operate ~vith high
pressure reco~ery for a large 31ach numl)cr range.

(b) The inlet does not present discontinuitim of pressure
recovery for Iarge variations of mass tlo]~’. If the nmss flow
is decreased, the (lrag incremes more gra(Illally find is less
than that for the other known types of inh’~ alld tllc pressure
recovery remains high.

(c) The inlet does not have two stabk conditions of w~ui-
librium for some range of 31ach number.

(d) The inlet is not, sensitive to small variations of angle
of attack..

(e) The externaI drag, in genwaI, is larger bccausc. a
stronger shock must be produced outsicir. In ? supersonic
airplane, howwycr} it is possible to use the ~~(ernal compres-
sion produced by some parts of the nirplanc indep(’ndently of
the type of inlet chosen or, in other worck, it is possibk) to
Iocate the inlet in a zone in }vhich Lhc floiv is dccckratcd by
the presence of some pa,rt of the airp]ane. II) this case the
increase in drag due to the extt’rnaI compression of the inlcl
can be reduced.

SYhlBOLS

T longitudinal coor({inate of cone
R radius of cone
2.1 longitudinal coordinate of cowling
R, intwnal radius of cowling
R, externaI ra,dius of cowling
M llach number

P pressure
8. angIe of cone of central body
0, angIe of conical shock
61 cowIing-posi t.ion pfiramcter, a?lgle bctweell axis of inlet

and straight. line thtit connects vertex of cone wi[h lip
of cowling (see fig. 2)

CD. external pressure-drag coe.fTleient.
CD. additive-drag coefficient.

direction of streamline
~ubscripts:
o initial stagnation conditions
1 free-stream conditions
2, 3 stations

f final conditions (stagnation conditions af~rr decelera-
tion “into inlet.)

THEORETICAL ANALYSIS

Aerodynamic design of inlet.—An annular circular inlet
having a ccntra~ body was considered for the theoretical
anaIysis. This arrangement was chosen because it could bc
practic.alIy used in front of the fuselage of supersonic airplanes
or missiles and because a complete theoretical ~n~lysis of the
supersonic part of the ffow was possibIe for a circular inlet.
For thk arrangement an evaluation of the pressure recovery
that can be obtained in the supersonic part of the compression
and of the external drag of the inlet. is possible, and hence a
comparison with the other types of inle~ can be made.
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The frontal type of inIet permits the a~-oiding or reducing
af the i~terference between shock and boundary Iayer which
usuaIly produces separation, interference which can e.sist
w-hen the inlet is not of the fronts.I t.y-pe. Because the aero-
dynamic principIe of this inlet does Dot necessarily in-rol-re
the use of a circu[ar body, it must be possibIe to apply the
same principle and obtain simifar resu~ts withan inlet pIaced
on a noncircdar fuselage. The practicaI desigg becomes
much more complicated, hoi~-ever, because the phenomena
cannot be analyzed theoretically at present.

The geometrical arrangement analyzed is shown in figure
~)-. A central body pIaced in front of the. inlet produces a
{[eceIeration of the flow- so that the flow- at the irdet has ti
low supersonic or high subsonic speed. The diffuser has a
divergent section and therefore the deceleration from super-
sonic 31ach number to subsonic Mach number must occur
with ~ strong shock. Mien the pressure at the end of the
dif~user corresponds to the optimum condition, the strong
shock is at the lip of the inlet.

The diffusion Iosses can be di~-ided into t~vo parts-the
Iosses for decelerating the fiow from supersonic to subso~ic
3 Iach numbers and the stLbsonic losses. The supersonic
losses depend principally on the Iosses across the shock w-a-res
whereas the subsonic losses depend on friction and separat iou.
For flight Mach numbers of the order of 1.3 to 2.0 the kinetic
energy of the flow at subsonic klach numbers is an important
part of the totaI kinetic e~ergy of the flow and therefore the
subsonic diffuser must be considered in the analysis.

The losses in the supersonic part. of the compression depend
cm the Iosses across the conical shock and the losses across the
strong shock. The conicaI compression is very efficient
because part of the compression behind the conicaI shock
occurs isebtropically and because the compression occurs
fwfore the boundary Iayer is formed on the cwtraI body;
thus the increase of pressure does not affect the boundary-
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layer thickness. The shock at the entrance is less efficient
because it is a strong shock and tends to produce separating_
of the boundary Iayer; thus the subsonic efllciency is
decreased. For this reason the conical compression comid___
ered is al-ways a Iarge part of the supersonic compression-;
therefore, Iarge cone angles are considered.

Theoretically it is possible to obt~in compression in front
of the inlet more graduaIIy and thus to reduce or eliminate
the Iosses of the conical compression. Ln this case, however,”
the boundary layer at. the surface of the central body under-
goes a stro~m unfa-rorahIe pressure gradient, and the centca~
body must. be much ~onger to avoid large ~zternaI drag and
to have the enreIope of the compression waves near the lip
of the cowling. This condition is necessary to avoid high
drag, as -will be e.xp~ained Iater. The phenomena in the
boundar~ Iayer corresponding tp the strong shock, for the
preceding reasons, become more criticaI and the subsonic
efficiency can decrease notably. TTith a body desia~ed for
graduaI compression, it ako becomes diffic Ldt to avoid
detached shocks at >Iac.h numbers lower than the design
J[ach number. For this reason large increases of pressure
reco~ery cammt be e.xperted in the 31ach number range con-
sidered by using graduaI frontal compression and Iow-dr~~
design. Thus, this type of compression is not considered in
this preliminary investigation.

Additive drag,—In order to define the geometry of the
inIet, the cone angIe and the shwpe and location of the cowhg
with respect to the central body musL be freed. For practical
calculation of the net thrust of a ram-jet or turbojet vehicIe,
the thrust given by the en=tie and the drag clue to the en=tie
must, be determined; therefore, for effi~ient operation, the
geometry of the inIet must be fixed in such a way as to obtain
high pressure reco-rery and low externaI drag. For the type
of inlet considered, the ce~t.raI-body cone angle is the most
important parameter affecting the pressure recovery, whereas
the value of t-he drag is sLrongIy Mected by the shape and
position of the cowbng with respect to the central body.

In order to describe consistently the properties of super-
sonic idets with external compression only by means of
pressure rem-wry and *~terna.Idrag coefficient, a careful
analysis of what must be cded “external drag” is required
and another drag force must be added to the pressure and
viscous &a=g of the externa~ part of the cowling which, in
the original classified version of this report isstied in 1946,
was called “additive drag.” The definition of this drag and
the reason for its inclusion can be obtained from the folIowing
co~<ideratiorw

The thrust due to the engge can be determined by ,means
of the impulse-momentum law applied to the stream tube
(fig. 3 (a)) enter@ the inlet between siation 1 in the free
stream and station 4 at the e-tit of the inlet. ‘With this
definition of thrust, the only ~aIue required in order to take
into accoun~ the properfiies of the inlet. is the -due of the
pressure recorery defined as the ratio of the total pressure
at the end of the inlet (station 3) to the free-stream total
pressure (station 1).
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If the thrust is defined differently, as for exampIe, by the
impuIse-momentum law betwceu the entrance (station 2)
and the exit (station 4), the value of tlhc pressure recovery
required in order to determine such a value of the thrust.
would be the pressure recovery between stations 2 and 3.
For inlets operating in subsonic flow, the pressure recovery
between stations 1 and 3 is the same as between sttitions 2
anfl 3; whereas for inlets having external compression operat-
ing in supersonic flow, the pressure recovery beiwwn stations
1 and 3 is clifferent. from the pressure recovery between
st atiom 2 and 3. Therefore, for supersonic inlets the value
of the pressure reco~ery between stations 2 and 3 would not
correctly define Lhe inlet characteristics.

Actuallyj in subsonic flow, the external compression in
front of the. inlet is isentropic t-red the pressure recovery
l]etwwn stations 1 and 3, or betlveen stations 2 and 3, is
therefore the same. In supersonic flow, how-ever, the tw-o
values me different because the compression bet~vw~ stations
1 w)(I 2 occurs with shock waves.

For the supersonic case, because the pressure recovery is
usually given by the pressure ratio be Lween stations 1 and 3,
lvhich is the only value that correctIy describes the properties
of the inlet, Lhe clefinition of external drag consistent w-ith
the value of the pressure recovery must be that the drag is
the resuItant of the pressure along the surface ABC. The
surface BC is a physical surface along which the pressure
can be measured and the resuItant of these pressure forces
is a force that is calIed the pressure drag; the part AB,
however, is a streamline which represents a. fictitious surface
alon~ which the pressure must aIso be determined. For
subsonic flow, the pressure clrag along ABCD is zero and all
the Iosses are viscous losses that can be determified by a
nmmentlwn measured at C; whereas} in supersonic flow, [he
pressure along A13 and along BC are finite because an increase
in entropy occurs across shock waves so that the part. of the
drag along AB must, also be considered. This point may be
clarified by the following consideration. Consider the
streamline ABC’ (fig. 3 (b)) which divides the entering inIet
flo]v from the external flow where B is the entrance of the
inlet. In supersonic flow, the compression from A to B
(fig. 3 (b)) produces a shock wave in the external flow which
pro(iuces an increme of entropy also in the external flow.
Therefore, when the momentum equation is applied to the
external flow l)e~\veen sections A w and C ~, a force is found
which represents the resultant of the pressure along the
stream tube denoted by AB and BC and is a fuuctiomof the
entropy increase access the shock waves esisting in the flow
between A ~ and C ~.

The e.xistcnce of the additive drag can be \-isuaIizccI if the
cowling is considered LObe extended aIong stream tube AB.
In this case the flow inside and outside the inlet. does not
change and is similar to the flow for an inlet with internal
compression, but the pressure along AB gives a force that.
corresponds to additive drag. This drag is a function of the
difference in diameter betmwn AA and B13and becomes zero
when the lip is at points A. In Lhis case the condition of the
inkl is analogous to thaL of Lhe idet wjth internal compres-
sion and this drag disappears.

The additive drag as a force is found in this case (fig. 2) as
theresultant of the pressure forces on the centraI body. Part
of the central-body drag is included in the considcmtiol} of
pressure. recovery and is given hy the difl’erenec of the force
acting along at tb c surface OD aml from t,lle pressure along
the surface AB; whcrew the force along tile sui-fzce AB is not
included in the wduc of the pressure recovery.

Additive drag exists in any case in which sup(~rsonic
external compression which produces shock waves in tllo
extermd flow occurs. For exmnplr, as in tho cnso shown in
figure 4, the drag due to the incrca.sc in entroIJy across the
strong shock corresponds to the resultant of the pressl]re
force aIong the stream tube AB and is found M Lhc rcsu]LanL
of tho pressure force acting on the body placed insid(~ the
channel.

In order to eliminate the additive drag, the size aml posi-
tion of the centraI body of the inIet must ’00 such that tl~e

shock wave 0.4 (fig. 2) is tangent to Lho cowling at ihc
point B, For this case tlw additivu drag is zero.
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For a given cencral-body cone tmg~e t-he lip of the cowling
can have many positions with respect to the coding that
can be defined by the angle 61,which is the angle formed by a
line from the vertex of the cone to the lip of the covd@ and
the cone eke. Thus, in order to decrease the additive drag
thr value of the angle 81considered for the inlet must be very
nmr to the value of the angle of the conica.I shock 8. at the
maximum Jlach number considered.

The external direction of the cowhng at the lip must be
chosen in such wway as to avoid other external shocks which
would increase the external drag. Therefore, the external
direction should be as nearly parallel as possible to the free-
stream direction for the condition of supersonic flow at the
lt’ading edge. Because of the low inlet entering Mach num-
ber, this condition requires that the external direction of the
lip of the cowling be very close to the direction cif the incom-
ing streamline. The internal part of the coding must be
&signed in such a way as to avoid a detached shock at the
lip for the Mach number range considered because a detached
shock also extends outside of the covding; therefore, the
direction must. be approximately tangent to the streamline
and the lip of the coding must be sharp with a minimum
possible angle at the edge of the Iip.

FIow conditions at different Maoh numbers and for
different m“ass-fiow conditions. -If tle ditkser is desigged
for the masimmn operating Mach number, when the Mach
number is reduced the conical shock angle increases and the
shork at the Iip becomes less intense. Because the length
of the streamline between the shock and the lip increases, the
additive-drag coefficient increases. The additive internal
drag and the maximum pressp.re recovery that can be
obtained for a fixed-geometry inlet and therefore for given
values of% and 81can be determined analytically on the basis
of cone tku-y (references 4 and 5). Some results of the
calculations are shown in @es 5 b 7. In @e 5 the
additive-drag coefficient is calculated for two values of 19.and
for ditlerent Mach numbers as a function of 191b~ed on both
th~~cowling ~ntrance mea and the free-stream tube area. In
figure 6 the ~alues of the a~le of the shock as a function of
the stream Mach mnnbcr for different cones is shown.

.% is shown in figure 5, the additi~w-drag coe5cient in-
creases if the Jlach number. decreases from the value of the
llach number corresponding to the design conditions, if the
cone angle increases, and if the due of d~decreases.

‘The theoretical masimum pressure recovery that can be
obtained is shown in Egure 7. The, values are dehmnined
on the assumption that no friction or-separation losses exist.
For comparison, analogous values determined in reference 1
for an inlet with internal compression are shown. The pres-
sure recovery decreases if the cone angle decreases and
decreases slightiy if the value of f?zincreases(other conditions
remaining the. samej because the Mach number at the lip
of the coding (points B of & 2) increases and therefore
the a~erage Mach number at the intake increases. The
variation of the supersonic pressure recovq is graduaI and
for aIlMach numbers is higher than the corresponding values
for the Met with internal compression. For Mach numbers
of the order of 2, the dMerences can be of the order of 15

percent.

If the subsonic” Iosses are considered, the value of the _____
pressure recovery must decrease notabIy. The differences
must be larger for higher Mach numbers and for smaller.—
cone angIes, because the Mach number at the surface of the
cone increases if the free-stream Mach number increases.and
if 8. decreases; thus the shock at the entrance becomes
stronger and the separation can be more severe. In @re” S““—
the Mach number on the cone surface is given for ~“ererii..~~”
cone angles as a function of the free-stream Mach numbei,_
It can be eypect.ed that the subsonic losses for the inlet with
the central body will be of the same order as the losses for
the inlet with internal compassion. For the inIet with the ‘–-
central body the wetted surfaces are larger and the subsonic
compression is much stronger (beginning wi@ higher Mach ““’--”’--—
numbers) but the shock and the corresponding presstie
gradient. at t-hebeginning of the subscmic dither are much..—
weaker; therefore, differences of the =me order as the tlwo- -.
ret.icaIvalues can be expected practically.

As the lIach number changes, the direction of the stream- “–’-
line at the lip of the cowling remains practically constant –”
and therefore no important shocks or expansions occur tit—
the lip when the Mach number changes. Figure 9 shoIvs-
the direction of the streamline P as a function of 81 for
di&ent Mach numbers and cone angles 8..

When the f@ht Mach number decrea.s.ss, the maximum”
9

diameter of the free-stream tube w-hichcan go into the inlet ~_.—
decreases and the amount of the ~ariation of the. diameter,. .
increases when the cone angle increases. In the type of
inlet with internal supersonic compression the diameter re-’ ‘“--”
mains constant when the 31ach number increases in corn- -
parison with the starting Mach number and decreases if -
the Mach number decreases in comparison with this yalue.
In ligure 10 the mwxirnumdiameter of the free-stream tube - ~
corresponding to the internal flow is given as a function of
the free-stream Mach number and the cone angle. The.———,
values for the inlet with interna~compression are also showu.

The maximum mass flow which enters th”e inlet w=itha- ~_.
central body for a g-ken Mach number and altitude canno”t
be increased without changing the geometry of the inlet, but ‘-
it can “be decreased with less increase of drag than for in
inlet with internal compression and without any change of
pressure recovery. The wriation of the mass flow for the _-
inlet with external compression is similar to that of the inle~
w@ internal compression at lower Mach numbers. If the
pressure at the end of the Muser is increased, the normal
shock is pushed outside the inlet and, the dimensions of the
free-stream tube which enters the irdet decrease. (See fig. ~ _
11.) When the strong shock mows outside, the pressure
recorery does not change appreciably beca~~e the ~ariation’ “~=
of Mach number in front of the shock and therefore me
-rariatio of the intensity of the shock is ~ery small. The”

Kstrong s ock aIso extends outside, but the intensity is small ‘” -
and therefore the variation of ~sternal drag is smalI and of
different order than for the type of inlet with internal corn-
pression. If the wu-iation of mass flows occurs at lovi Mach
numbers and the flow at the entrance is subsonic, the mria-
tion of the mass flow must cause the shape of the conical
shock to change, and the curvature therefore gra$ually ._.-
increases.
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If the angle of at~ack of the inlet is changed slightly, the
pressure recovery and the externaI drag cannot change
appreciably because the conical-flovi phenomena me not
very sensitive to small variations of angle of attack. The
intensity of. the shock must increase on the side in which
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the deviation of the stream produced by the cone increases
and must decrease on the opposite side; therefore, the pres-
sure reco-mry must not change although the externaI drag
must increase dightly..

The pressure drsg.— In order to have a compIete analysis
of the probleq an estimate of the pressure drag of the
irdet with external compression must be made. Becayse the
shock produced by the cone is stqmg, the increase of pressure
on the external lip of the cowliig is large and therefore gives
the impression that the pressure drag must also be i-cry
large. In order to make a comparison and to obtain some
criteria for des.ii the external part of the inlet, the
pressure distribution was determined for different extermd
Iip shapes for vahs of (?zof 42° and 46° at a Marh number
of 1.65 for a 30° cone. The calculations vrere made by use
of the characteristics system described in reference 6.

Because it was necessary to know the length ‘&d tbe”
maximum diameter of the inlet to de&mine its external
shape; a possible design was made by use of the following
data. The Mach number at the maximum section was
bed at 0.24; therefore, the ratio of the maximum diameter
to the diameter of the free+ tream tube was equal to appro.xi-
mately 1.5 for a Mach number of 1.65. The length of the
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rowIing was determined on the basis of the internal diffusion
and was fixed at a value of the order of 3 diameters. For
comparison an inlet with internal compression and with the
same design conditions was anaIyzed. For eve~ angle 0I

tlvo extermd shapes wero designed. (See fig. 12.) All
external sbapcs for the inlet with external compression have

the same direction as the s~reamline at t.hc lip of the cowliti,

I)ut [ho first coJv1ing changes direction gradually near the

lip and then changes direction rapidly and bccomcs tangent
to the cylindcr whereas the second has a strong variation
of direction (correkpcmling to the masimum possibIe prac-
tically) near the lip which continues more gradually until
the cowling becomm tangent to the cyhnder at a distance of
approximately 1.5 inlet cliametem.

The two designs were. fked on the basis of the folIowing
aerodynamic criteria. The streamline reached the Iip of the
cowling with high pressure and low velocity and made an
angle with the free-strea.m velocity. If it were possible LO
produce a deviation of expansion at tha lip equal to the
difference in direction between the free-stream direction
and the direction of the flow aL the lip, the pressure would
decrease abruptly and become less than free-stream pressure
because the expansion wouId occur locally with the two-
dimensional Iaw. In this caso the pressure aIong the cowling
woldd later increase again but the value wouId remtiin Iow
and t.he.reforcthe pressure drag of the body would be very
low. Accordingly the first ext,ermdshape was designed with
the idea of producing the mmirnum possible practicaI
wqnmsion of the flow in such a way as to reduce the prmsure
to a. low value on the external part of t.hc cowling. The
second shape was designed to have less e.xpamion near the
lip ancl larger expansion farther back and the pressure was
calculated in order to determine the difference in drag in the
in~portanco of producing a large expansion near the lip.
The ordinates for the four cowling shapes considered are
given in table 1.
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TABLE I.—EXTERNAL COWLING COORDINATES
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The results of tho calmdations are su?u-narizcd in the
following table in which some values for a Mach number of
2.OOare also indicated:

K“
—.

Inlet with externef compression

0.-30”, M- 1.65

L
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81-w“ ei-w
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Ix_lJLJ -------
The data for Mach number 2.00 have boc.n obtained with
Iess accuracy than the values for Mach number 1.65 but the
rwndts have sufficient accuracy for the analysis. The
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twternaldrag coeflicieuts me referred to the cowling entrance
mea. A is show-n in the table, the values of the p~ure
drag can change appreciably with the external shape. The
vahms of the pressure-drag codicient change sLi@tIy when
the vaIue of 61 changes (the frontal area of the coding
inrreases for the same mass flow when the due of 62
increases but the drag remains small and is of the same
order of magnitude as for the other type of inlet if the design
is correct. l?he variations of pressure drag corresponding

to the variation of @lare much smalIer than the corresponding

variations of the additive~~ coellicient.

For the inlets with external compression i~ is necessary

to add to the pressure drag the additive drag, which is given

in the- foIlowing table:

~ ~fti \ C.a (rderred t. cowhg entrerm mea]
I numbx

+

#i-@ @t-40” et-479 91=563”

0.190 0.m .5. c!.
i% .(WI .19S .. ..

,

As k shown, the aclditive drag is -m-y importrmt; therefore,

it is necessq to choose the due of @z,on the basis of the

ma.xhnum flight l~ach number, very near to the vahw of t?..

The precekg consideratioris sh& that for e~ery Mac~

a

,

(al .M1- L33.

(b) .U1-L6Z l.~ and 210.
#

Pfmmx l&-Dedgn of the WtaI18tlo..

NEW TYPE OF SUPERSONIC m-IWJ! 1(M1

number there etists a value of 81 equaI to the value of es
for which the additiw+irag coefficient is zero. It k“&i~ent,
therefore, that the value of the additive drag can be decreased
notably at Xlach numbers Iower than the design Mach num-
ber without changing the value of the pressure recovery i
an idet. is used that permits some variation of the vaIue of
Ozby moving the position of the central body.

TEST RESULTS

Because the theoretical analysis has shown that very
high pressure recovery must be expected with the arrange-
ment: considered, an e.xpw+nental investigation was made
to check the results of the cahndatious. The tests we~
made in an intermittent jet used for tests of compressor
cascade blades at subsonic Mach numbers} which w-astrans-
formed for these t~sts into a supersonic jet. The necessity
of changes and the scarce iii suppIy that was used simul-
taneously for other experimental installations caused a Yprj
Iong period of testing to be required; therefore, the tests
were concluded Iong after the theoretical ‘amdysis was
Iinished.

APPARATUS AXD METHODS

k order to investigate e~erimentally the properties of
diffusers with extermd supersonic compression, three models
were designed for tests in the modified Mm-h cascade tunnel
at the LangIey Leborato~. The cascade tunnel was modified
in such n -way as to permit supersonic tests, and two-
dimensiotial supersonic nozzles were constructed for obttiin-
ing paraUeI ffow in the test chamber. The nozzles. were
made of wood; the surfaces therefore had a degree of rough-
ness and some -waveswere produced from the small wrinkles
and porosity on the nozzle surfaces. These waves were of
smti intensity and therefore were not considered to ~ave
any effect on the aerodynamic phenomena of the inlets.
The dimensions of the test chamber were about constant for
aU Xfach numbers and were of the order of 4 by 5 inches.
The air supply was obtained from a high pressure tank which
permitted th~ obtaining of relatively dry air and, therefore,
condensation effects were not important.

Tests were made at Mach numbers of 1.33, 1.52, 1.72,

and 2.10, and a different ssystemof tests was used for the
diHerent Mach numbers. For u Mach number of 1.33 a
completely open jet was used and the testahamber pressure
was made larger than atmospheric pressure to avoid choking
effects. For tests at the hi@er Mach numbers, diffusers of
different shapes were used to avoid large pressure ratios for
the start of supersonic flow. Figure 13 shows schematic
sketches of the installation.

-.

The. models tested had ?-inch diameters at the cylindrica~
part and the ReynoMs number of the tests (referred to the
outside diameter] was of the order of 3.5x IOCfor a .Mach
number of 2.10 and increased to 4.5X 10Gfor a Mach n&ber
of 1.33. AH the models were designed ‘m such a way as to

..-—
. ..-

.-.

.—

-

—



1042 REPORT 1I&t—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

maintain the same subsonic diffuser ahape in order to avoid
the introduction of another parameter in the analysis, and
therefore the models were made with interchangeable cones
and cowhngs for changing the geometry of the supersonic
part of the inlet. The supersonic part was designed so that
h? -o ffOW conditions were maintined jR & sub~~c

diflueer for the same test lhch number whereas tho same

model was used for the subsonic difTuswr and the Inassdlow

variation system. (See fig. 14.)

The aerodynamic parameters considered for tic model

designs are shown in figure 15, in which a amfl shock is

designed on the outside of the lip. The shock is produced

I}y the lip thtit was placed at an angle with respect to the

streamline in the tests, as will be explained later. In a

large-sale model this shock can probably be eliminated
lM.causc the lip can be constructed with a smaller angle than

the model; therefore, the corresponding drag can be ekni-

11ated in f ull-emle models. The shock exists in the models

tested, howcvcrj and can be seen in the scldieren photographs.

(See fig. 16.) ,
The internal pmt of the diffuser was dee@ed to have a

gradual increase in section from the lip of the cowling to
the end of the cliilueer. The divergency of the stream tube
incr~ased at tho end of the diffuser and was practically zero
at the lip of the cowling, The long throat at the minimum
section was included to reduce the separation due to the
strong shock and to decrease the effect of disturbances
produced in the subsonic part, “asis shown in reference 7.
The awn-age angle of divergency of tho stream tube is 8°
(total},

For every model and for cvmy Mach number, different

tests were made with different wdues of I.)uckpressure. TIM
back pressure was varied by moving the position of a plug
at the exit of the difluser (fig. 14). Several combinations “of
cones and codngs were tested. The models were designed
with the following geometrical parameters, The fust model
had a 30° cone angle and 81was 42° (cone I, cowling 1). The
second model had tho same cone angle but 81was 46° (cone
II, cowling II). The third model had a 25° cone angle and
81was chosen to correspond to tho inclination of the shock
for the 25° cone for the same Mach number ~2.t30)for w’hicb
the shock is inclined 42° for the 30° ccw; the m~gIe.d{ was
36.5° (cone III, cowling HI).

The cowlings for these three combinations must be &-
signed theoretically to have the direction of the lips ptwalhl
to the sh.amlincs. Bccauee small-scale modeIs were used,
it was not possible to keep the angle of tl~ocowling near the
lip as small as is desired and as mus~ l.mthe caso for a full-
scale model. The angle was therefore placed half outside
and half inside the thwretical direction of the strmm on
the assumption that the compression outside can bo avoided
in a full-scale model. The external inclinations of cowhgs
I, II, and 111 were 210, 19°, and 17,2°, respectivcIy,
and the internal incIina tions were 19°, 17°, and 15.2°,
re.spcctively. Cowling HI, designed for tho 25° cone model,
was also tesLed wit-h cone 1, and cowling, II was tested with
cone I to determine the sensitivity of the phenomena to
small variations of geometrical paramctem.

Because no drag measurement.+ were made, the cxternaI
ishape of the cowIing w-as c esigncd in accordance with aero-

dynamic criteria near the lip onIy, whereas in tlm back
part only constructional criteria were considered.

Plane of survey
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BSSULTS ASD DISCUHOIS

The dues of the pressure recov-ery obtained for the op-
timum conditions (conditions of strong shock at the Iip of

tho inlet} are shown in figure 17 for the different modeLs
tested. In figure 18 the efficiency of the inlet is shown.
This efficiency is detlned by equation (1) of reference 1 as

5[F-Y”’’-’]T=l—-~ ~f (1)

For comparison the ma.simum pressure recovery and effi-
ciency obtained mperimentally for a type of inlet with
internal compression as a function of the free-stream lIach
tmmber are also shown,

The variation of the press&e recovery obtained when the
rums flow entering the inIet decreases is shown ig figure 19.
In this figure the pressure recovery is plotted as a function of

the rat io of the mass flow considered to the maximum mass

flow possible, a ratio -ivhkh is called the relative mass flow.

In figure 16 some schlieren photographs for difTerent
renditions of mass flow into the inlet are shown. The
sdlieren photographs show that when the mass flow de-

.—— -8

Ml= 1.6!5 >’ 1.— -

<
.-

1.00”

--.-—— -—--.-

e,=xm
%---

1.27”
1.16’.
1.12

creases the phenomena charge gradtudly and steadily. ●

The tests mere made with the shock fa,r from the lip.

The test. results confirm the theoretical predictions and . ..—
show thaL with an inIet with a central body higher p&swre ~~_-—

recoveries can be obtained than with an inlet tit.h hte~a~ _

compression. The tests also show that for a giren cone &.@e

and for a given Jlach number the pressure recovery chang-” ‘“

very slightly if the -due of t?l changes. It is therefore “.._...
possible to obtain wr~ high pressure recovery for the flight ----
conditions considered, as found in the tests, and low drag if
the inlet is designed for the lIach number considered with a _~.~-
value of 01-rery near to the value of t?,to ehinate the addi-
tive interred drag. In this case the advantage of external “- “-”

compression in increasing the pressure recwre~ is not reduced
..—

by a large increase in drag.
.—

Schl.ie~en photographs show that when the mass flOW is -.

reduced the strong shock goes outside of the intake and moves

forward in the direction of the conical shock and the conica~ “

shock becomes cuqed. ~ currature shows that the &x- _

ternal drag increases butt the variation is gradual. For the

low hlach nnnlbers, when the flow behind the conical shock

becomes subsonic, the variation of the mass flow changes the ‘ ‘-

shape of the conical shock which becom& curved. “-”
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The efficiency of the inlet with external compression is

very high and therefore a large increase in the value of the

thrust Coefficient will bq obtained using this type of inlet, if

the inlet is designed so as to reduce the drag to a minimum.

CONCLUSIONS

.l new type of inIet with all the supersonic part of the

deceleration outside of the diffuser is analyzed theoretically,

and it is shown that. this arrangement permits higher pressure

reeoverf than an inlet with internal compression. lt is

shown aLso that the external supersonic compression can

eliminate or reduce alI the discontinuities of flow character-
istics which exist for a type of inlet with interred compression
when the flight Mach number or the mass flow decreases
from the values fixed by the desi@ conditions. The maxi-
mum mass-flow variation as a function of the free-stream
lfach number is larger than for the inlet With internal com-
pression and the Iaw of variation is dependent on the angle

of the central cone. ~ design criterion is given for reducing

to a minimum the due of the drag produced by the axternal

supmsonic compression which can be high for some flight

conditions.

Experimental results confirm the values of the theoretical

analysis and show that it is possible to obtain pressure re-

coveries of the order of 95 percent for llach numbers from

1.33 to 1.52, 92 percent for a JIach number of the order of
1.72, and 86 percent for a Mach number of the order of 2.10, “’‘-
values which are much hiiher than the corresponding values
that can be obtained with an inIet tith internal compressioti. “-‘—
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